The ugp operon of Escherichia coli includes genes involved in the uptake of sn-glycerol-3-phosphate and glycerophosphoryl diesters and belongs to the pho regulon which is induced by phosphate limitation. This operon has two transcriptional initiation sites, as determined by SI nuclease mapping of the in vivo transcripts. The downstream promoter has multiple copies of the pho box, the consensus sequence shared by the pho promoters; the upstream promoter has a consensus sequence for the promoters regulated by cyclic AMP and its receptor protein, CRP. PhoB protein, which is the transcriptional activator for the pho regulon, protected the regulatory region with the pho boxes in DNase I footprinting experiments and activated transcription from the downstream promoter in vitro. Studies with transcriptional fusions between ugp and a promoterless gene for chloramphenicol acetyltransferase show that the upstream promoter is induced by carbon starvation in a manner that required the cya and crp genes. PhoB protein may act as a repressor for this upstream promoter, which also overlaps the upstream third pho box. The downstream promoter was induced by phosphate starvation and requires the PhoB protein for its activation as do the other pho regulon promoters. These results suggest that the two promoters function alternately in responding to phosphate or carbon starvation, thus providing the cell with a means to adapt to these physiological stresses.
The ugp operon encodes proteins involved in the uptake of sn-glycerol-3-phosphate and glycerophosphoryl diesters and an enzyme hydrolyzing glycerophosphoryl diesters (6, 22) . The ugp operon is induced by phosphate starvation and positively regulated by PhoB protein, as are other genes in the pho regulon. The nucleotide sequences of the first four genes from the promoter, which code for the bindingprotein-dependent transport system, were analyzed by Overduin et al. (22) , and the nucleotide sequence of the last gene, coding for the phosphodiesterase, was analyzed by Kasahara et al. (10) . Promoters in the pho regulon share unique features, namely, the sequence characteristic of the -10 region and the 18-bp consensus pho box sequence 10 bp upstream of the -10 region. The activator protein PhoB binds the pho box in a way which activates transcription of the pho genes (14) . The activity of PhoB as a transcriptional activater is modified by PhoR protein in response to the phosphate concentration in the medium. When the external phosphate is limiting for growth, PhoR activates PhoB by phosphorylation (13) . The phosphate in the medium is monitored by the phosphate-binding protein, the pstS gene product, and the signal is transferred to PhoR via the proteins encoded by the pst operon (21) .
In this work, we analyzed regulation of the ugp operon in vivo and in vitro, and identified two promoters, one inducible by carbon starvation and the other inducible by phosphate starvation. We show that the former is regulated by cyclic AMP (cAMP) and its receptor protein, CRP, and that the latter is regulated by phosphorylated PhoB. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. Escherichia coli K-12 strains and plasmids used in this study are listed in Table 1 .
Media. LB broth, LB agar, and T broth were as described by Miller (19) . Tris-glucose (TG) medium with either high or low phosphate was described previously (2) . Glucose-limited medium contained 0.02% glucose (30) . Ampicillin was added to LB broth or T broth at 100 ,ug/ml and to TG medium at 2 mg/ml. Kanamycin was added to LB agar at 20 ,ug/ml.
Recombinant DNA methods. Standard methods for recombinant DNA were generally used as described by Maniatis et al. (16) .
DNA sequencing. The manipulation of M13 phage was as described by Messing et al. (18) . A series of phage clones with DNA fragments with one fixed end and the other end formed by successive deletions at the 5' end was prepared as described by Hong (8) . The DNA sequences were analyzed by the method of Sanger et al. (23) .
Enzyme assay. Chloramphenicol acetyltransferase (CAT) in the extracts of sonicated cells was assayed by the method of Shaw (26) . The specific activity of CAT was expressed as nanomoles of 5-thio-2-nitrobenzoate liberated per min per unit of optical density at 450 nm (OD450) of the cell culture.
Si nuclease mapping. S1 nuclease mapping was done as described by Aiba et al. (1) .
In vitro transcription. PhoB protein and PhoR1084 protein, which lacks the amino-terminal hydrophobic region and is constitutively active as a kinase (32) , were purified, and in vitro transcription was done essentially as described by Makino et al. (13, 14) . A reaction mixture (20 ,ul) contained the EcoRI-HindIII DNA fragment (1 pmol) carrying the ugp promoter region (Fig. 1C, line d) , RNA polymerase holoenzyme (5 pmol), 1 mM ATP, and 10 pmol of PhoR protein in (25) , with the physical map of the ugp region (24) . The physical map of the chromosomal DNA carried on clone 5B10 indicated that it might contain the ugp region, so we isolated DNA from clone 5B10 and confirmed by restriction enzyme digestion that it does (Fig. 1) . The physical map of the EcoRI fragment of clone 5B10 was identical with that of the ugp region cloned on plasmid pSH12, as determined by Schweizer and Boos (24) . We sequenced the nucleotides of the entire EcoRI fragment (10; also unpublished data), and the sequence covering ugpB, ugpA, ugpE, and ugpC was identical to that reported by Overduin et al. (22) .
To identify the promoter region of the ugp operon, DNA prepared from clone 5B10 was digested with EcoRI and Sall (Fig. 1 (Fig. 2) . The SmaI-HindIII fragments of the M13mpl8 derivatives were recloned into pKK232-8 to construct fusions with the cat gene, and the resultant plasmids (pKD series in Table 2 ) were introduced into ANCK10. The promoter activity of the DNA fragments with various upstream deletions and the constant downstream end at +18 (Fig. 2) was measured by monitoring the CAT activity of the extracts of the cells carrying the fusion plasmids ( Table 2 ). The endpoints of the upstream deletions and their promoter activity are graphically shown in Fig. 3 . The CAT activity of the nondeleted fragment with the excess phosphate was 2% of that with limiting phosphate. The deletions up to nucleotide -88 from the transcription initiation site for the ugpl promoter (described below) had little effect on the relative promoter activities under the two conditions. However, when the deletion proceeded beyond -74, the promoter activity expressed under excess phosphate conditions was virtually lost, and the activity under limited phosphate conditions was substantially enhanced (Table 2 ; Fig. 3 ). These results suggest that the region just downstream of -88 is essential to the promoter activity functioning under excess phosphate conditions and that the upstream third pho box might have a negative regulatory function for the pho promoter. The putative promoter (Pugp2) with the -35 and -10 sequences was identified in this region, and it overlaps the upstream pho box (Fig. 2) . Further, the fusion genes with deletion endpoints between -56 and -41 still showed low but significant levels of the activity (3.6 U per OD450), which was regulated by phosphate concentration in the medium ( Table 2 ). These deletion mutants no longer contained the three intact pho boxes, but at least the downstream pho box was intact (Fig. 2) . When the deletion extended into the last downstream pho box, no activity was observed (Table 2) . These results suggest that the two pho boxes upstream of the -10 region are required for the efficient activity of the phosphate-starvation-inducible promoter.
Identification of the mRNA initiation sites of the ugp operon. To identify the ugp promoter regulated by the pho system, we tried to find the mRNA initiation site of the ugp operon by in vivo Si nuclease mapping. The 240-bp SmaI-HindIll fragment containing the ugp promoter region was used as a probe for Si nuclease mapping (Fig. 1C, line c) . We used ANCK10 (wild type) carrying pKD507 and ANCC75 (pstS64) carrying pKD507 for RNA sources. When they are grown in excess phosphate medium such as T broth, strain ANCC75 constitutively expresses the pho genes, whereas wild-type strain ANCK10 does not express the pho genes. After Si nuclease digestion, the size of the protected DNA was estimated by comparison with the products of the Maxam-Gilbert (17) sequencing reactions (Fig. 4, lanes 1 and  6) . Two kinds of ugp transcripts, one in RNA prepared from ANCC75(pKD507) and the other in ANCK10(pKD507), were detected (Fig. 4) . The shorter transcript detected in ANCC75(pKD507) cells should correspond to the transcript initiated from the ugp promoter induced by phosphate limitation (Pugpl) and the start site guanine is numbered +1 throughout this study (Fig. 4, lanes 4 and 5) . Six base pairs upstream from this transcription initiation site, we found a DNA sequence homologous to the consensus sequence for the -10 region of many promoters, suggesting that the sequence (cATgtT) is the -10 region of Pugp1. No sequence homologous to the -35 sequence was detected at the appropriate position upstream from the -10 region. Instead we found three sets of the consensus sequence (pho box) shared by the regulatory regions of the pho genes (Fig. 2) . On the other hand, the longer transcript was found only in mRNA prepared from ANCK10(pKD507) cells (Fig. 4 Fig. 4 ). SD marks the ribosome-binding site. The consensus sequence of the pho box is adapted from Shinagawa et al. (27) . The two convergent arrows under the pho box 3 indicate the putative consensus sequence for CRP-binding site.
3), and the initiation site of this transcript expressed under the excess phosphate conditions was guanine at -48. Seven base pairs upstream from this initiation site, we found the -10 region (TATctT), and 17 bp upstream from the -10 region, we found the -35 region (TTGtCA) (Fig. 2) . This promoter (Pugp2) may be responsible for the promoter activity expressed under the excess phosphate conditions (Table  2 ; Fig. 3) , and is indicated upstream of Pugpi in Fig. 2 . These results show that the ugp operon has two promoters.
Activation of transcription of the ugp operon by phosphorylated PhoB protein in vitro. We examined whether the phosphorylated PhoB protein activates transcription initiation of the ugp operon by RNA polymerase. In these experiments, PhoR protein and ATP were added to the reaction mixture for phosphorylation of PhoB protein. The reaction mixtures containing a linear DNA template (Fig.  1C, line d) , PhoR1084 protein, ATP, and RNA polymerase, with or without PhoB protein, were incubated at 37°C for 10 min to form a transcription-initiation complex. The nucleoside triphosphates and rifampin, which inhibits reinitiation of transcription, were added, and the mixtures were incubated at 370C for 5 min. The in vitro transcripts were analyzed by 8% polyacrylamide gel containing 8 M urea (Fig. 5) . Strong bands of the ugpl transcript were observed only in the reaction mixture with phosphorylated PhoB protein added (Fig. 5, lane 3) , and weak bands of the ugp2 transcript were found only in the mixture without PhoB protein (Fig. 5, lane  2) . The ugpl transcript was calculated to be 49 bp by comparing it with the pstS transcript (Fig. 5, lane 1) . Therefore, phosphorylated PhoB protein greatly stimulated the ugp transcription initiated from the ugpl site, which is the same as the start site of the transcript found in the pho constitutive strain (Fig. 4) , and appeared to inhibit the ugp2 transcription (Fig. 5, lane 3) . The ugp2 transcript corresponded to the transcript found in the wild-type strain grown in T broth (Fig. 4) .
Binding sites of PhoB protein on the regulatory region of the ugp operon. The binding sites of PhoB protein on the regulatory region of the ugp operon were studied by footprinting experiments. DNase I and methylation protection experiments were done for both DNA strands. For the sense strand, the 600-bp PvuII-EcoRI fragment labeled with 32P at the 5' end of EcoRI site was used (Fig. 1C, line a) . For the antisense strand, the 240-bp EcoRI-PstI fragment containing the ugp promoter region labeled with 32P at the 5' end of EcoRI site was used (Fig. 1C, line b) . In the sense strand, PhoB protein protected the DNA segment spanning nucleotides -20 to -101 from DNase I digestion and G residues at positions -28, -44, -53, -57, -61, -66, -68, -72, -76, -79, -85, -88, and -90 from methylation, and it enhanced the methylation of G residues at -65, -84, and -87 (Fig.  6A ). In the antisense strand, PhoB protein protected the DNA segment spanning -14 to -100 from the nuclease digestion, and G and A residues at positions -19, -26, -37, -48, -70, -81, -92, and -95 from methylation, and it enhanced the methylation of the G residue at position -86 (Fig. 6B) . The results obtained from these two experiments suggest that PhoB protein interacts with the ugp promoter in the region spanning -14 to -101, which contains the three tandemly arranged pho boxes and a "half pho box" (Fig. 7) .
Dual regulation of the ugp operon by the pho and crp promoters. Several lines of evidence described above show that there are two promoters for the ugp operon, one (P,gpj) inducible by phosphate starvation, and another (Pugp2) functional with excess phosphate and in T-broth medium. Inspection of the DNA sequence around the -35 region of the upstream promoter found an inverted repeat, TGTcAtctttc TgACA, which is similar to the consensus sequence of the promoter regulated by cAMP and CRP (cAMP receptor protein), TGTGAN6TCACA (3, 20) , and overlaps the pho box 3 (Fig. 2) . Since sn-glycerol-3-phosphate can serve as the sole source of phosphate and carbon, it is rational that the ugp operon is inducible by phosphate and carbon starvation. To study the regulation of the two promoters individually, a set of operon fusion plasmids, each of which carries each one of the promoters, was constructed (Fig. 8) To study the activity of the two promoter, we introduced these plasmids into the wild-type strain (ANCK10) and the phoB-phoR deletion strain (ANCHI) and measured the CAT activity in these strains grown in excess or limiting phosphate medium (Table 3 ). In the operon fusion with Pugpl only (pKD513), the activity was induced about 20,000-fold by phosphate starvation, which was the highest among the fusions examined under our experimental conditions. No promoter activity was detected in this operon fusion in the phoB-phoR deletion strain, suggesting that Pugpl has a strict requirement for the phoB function. The upstream promoter Pugp2 carried by pKD5061 in the wild-type strain had fivefold-higher activity under the excess phosphate conditions than under the limiting phosphate conditions; in the phoBphoR deletion strain the Pugp2 activity varied less with the phosphate levels in the medium than in the wild-type strain. The promoter activity manifested by the plasmid pKD506 containing the two promoters appeared to be the combined activity of the two promoters. It was induced by phosphate starvation, but it showed residual activities in the phoBphoR deletion strain and in the wild-type strain with excess phosphate.
The effects of carbon starvation under the excess phosphate conditions on the two ugp promoters were studied in the wild type and phoB-phoR deletion strains carrying the operon fusion plasmids ( (Fig. 9) . The results were more convincing than those obtained by the experiments done with the ANCK10 strain and its derivative (Fig. 1, line a) , and the antisense strand probe was the EcoRI-PstI fragment (Fig. 1C, line b) . DNA fragments were methylated or digested in the presence (+) (Fig. 6 and 7) . The protected region includes three pho boxes and a half pho box, CcGTCAC, 4 bp upstream of the third pho box. However, deleting the half pho box did not affect the expression of ugp (Table 2 ; Fig. 2) . Therefore, although this sequence appeared to function as the recognition site for PhoB, it appeared not to function as a cis-acting regulatory element. The general principles for the pho promoters (27) (Table 2) were isolated, and the staggered ends were converted to blunt ends by T4 DNA polymerase. They were inserted into the SmaI site of pKK232-8, giving pKD5131 and pKD5061. These plasmids lack the -10 region of the ugpl (pho) promoter. The nucleotide sequence of this region is shown in Fig. 2 . pho promoter, since deleting the site increased the phosphate-starvation-induced ugp expression ( Table 2 ; Fig. 3 ). Binding of PhoB to this site apparently repressed the transcription from Pugp29 since the levels of transcription from this promoter were always higher in the phoB-phoR deletion strains than in the wild-type strain and were always higher with excess phosphate than with limiting phosphate in the wild-type strain (Tables 3 and 4) . PhoB protein may function as the repressor of this promoter by competing with the cAMP-CRP complex for binding to the same region. The third pho box overlaps the -35 region of Pugp2 and the putative CRP-binding site (Fig. 2) .
Activities of the two promoter appeared to be mutually exclusive under our conditions, as transcripts from only one of the promoters were observed at a time both in vivo and in vitro ( Fig. 4 and 5) . Induction of PugP2 by carbon starvation was only 1.5-and 2.0-fold in ANCK10 and ANCHI, respectively. To settle whether the upstream promoter is regulated by the cAMP-CRP system, we used a set of nearly isogenic strains that had been used for the studies of the cAMP-CRP system (4). The results were more convincing as to the inducibility by carbon starvation; induction was totally dependent on the cya and crp genes (Fig. 9) . The ugp operon encodes the active transport system for sn-glycerol-3-phosphate, which can serve as the sole source of phosphate and carbon, and the ability of the ugp promoter to be induced by phosphate or carbon starvation should provide the cell means to adapt to both stresses. Wanner (29) had already found that the ugp operon is induced by carbon starvation. The transcript identified by Overduin et al. (22) corresponds to the transcript from Pugpl in Fig. 2 . In addition, we 
